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a b s t r a c t
Kelvin probe method has been directly applied to capacitive MEMS switches in order to investigate tem-
perature activated mechanisms in PECVD Silicon Nitride (SiNx) ﬁlms. The bulk discharge current of MEMS
capacitive switches has been determined for different charging and discharging temperatures, in the
range of 300–400 K. The increase of discharging temperature leads to an increase of the magnitude of
the bulk discharge current and the relaxation time of the discharging process is found to be thermally
activated. Finally, it is shown that the increase of charging temperature assists trapping at centers char-
acterized by time constants even longer than the time window of observation, i.e. 104 s.
 2012 Elsevier Ltd. All rights reserved.
1. Introduction
Capacitive RF MEMS switches are very promising components
for radio frequency applications but their commercialization is still
hindered by reliability problems, the most important being the ef-
fect of dielectric charging [1]. The dielectric ﬁlms used in MEMS
switches are highly disordered materials, which deviate from stoi-
chiometry and contain a large density of dipoles and defects [2–4].
The presence of high electric ﬁelds during actuation results to
charge injection in the dielectric ﬁlms, fact that causes erratic de-
vice behavior and limits the device lifetime [5]. In MEMS capacitive
switches it has been demonstrated that the charge trapping and
emission as well as dipole orientation are thermally activated [6].
Thus the charging and discharging processes in the bulk of the
dielectric ﬁlm is expected to be strongly affected by temperature.
Based on this phenomenon an active heat-based restoring mecha-
nism has been recently proposed in order to increase the switches
reliability [7].
So far, the discharging process has been investigated in Metal–
Insulator–Metal (MIM) capacitors with the aid of thermally stimu-
lated depolarization currents (TSDC) method [8–10], by recording
the charging and discharging current transients (CCT and DCT)
[11] and recently with the aid of Kelvin probe force microscopy
(KPFM) method [12,13]. In capacitive MEMS switches the discharg-
ing process differs from the one in MIM capacitors, since in MEMS
the injected charges are collected only through the bottom elec-
trode when the suspended electrode is in the pull-up state. In order
to investigate the discharge in MEMS switches, the KPFM method
[12–14] and the shift of bias at minimum up-state capacitance
[10] have been used. In addition, the discharge current transient
in MEMS switches has been calculated for a time in excess of
104 s [15]. Up to now, the bulk discharge current transient has been
found to depend on the stressing ﬁeld’s polarity and intensity as
well as on stressing time [16,17]. Regarding the charge collection
the dominant mechanism has been found to be the variable range
hopping [17], which is strongly dependent on temperature.
The aim of the present work is to present a systematic study of
the thermally activated bulk discharge mechanisms in MEMS
capacitive switches. Taking into account that the spatial and en-
ergy distribution of trapped charges is determined by the charging
temperature, the study has been implemented by stressing the de-
vices at room temperature, like in conventional MEMS operation,
while the bulk discharge current was monitored at different tem-
peratures, ranging from 300 K to 400 K. The impact of charging at
different temperatures has been also investigated after stressing
the devices at different temperatures, from 300 K to 400 K, and
monitoring the bulk discharge currents at the same temperature.
In all cases, the experimental results reveal the presence of two
discharge mechanisms, one that occurs within the time window
of experiment and a second one with a much longer relaxation
time.
2. Theoretical background
2.1. Charging process
The basic mechanisms involved in the charging process are the
Trap-Assisted-Tunnelling (TAT) and the transient component of
Poole–Frenkel (PF) effect that is responsible for the charge redistri-
bution [18]. The hopping conduction, although present, plays a
rather minor role in the presence of high electric ﬁelds [19]. The
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simultaneous action of the two mechanisms leads to a spatial
charge distribution that was presented for ﬁrst time in [20]
and practically conﬁrmed by a similar one, obtained by a different
numerical approach and presented in [21].
The contribution of TAT is calculated using the Wentzel–
Kramers–Brillouin (WKB) approximation [22] for the tunneling
probability P:
P ¼ exp 2
Z
jkðxÞdxj
 
ð1Þ
and k(x) is given by:
P ¼ 2qm
h2
ðU Fx EeÞ
 1=2
ð2Þ
where m is the electron effective mass in the dielectric ﬁlm, q the
elementary charge, ⁄ the reduced Plank constant, U the barrier
height of the tunneling, F the electric ﬁeld intensity and Ee is the to-
tal electron energy in the metal (taken as 0.2 eV [23]). Further
adopting the formulation proposed by Ramprasad [18] the time
dependent current, assuming that TAT is the only operating mech-
anism, is given by:
jTAT ðtÞ ¼ q
Z 1
x¼0
Z qFx
E¼1
Nff ðx; Eþ qFxÞ  ðf1  f0Þ  e
t=s
s
 x
L
dE  dx ð3Þ
where the current ﬂows in the x direction, L is the sample thickness,
Nff the ﬁeld free trap distribution (in our case uniform or exponen-
tial), E the energy, F the electric ﬁeld intensity, f1 and f0 are the
Fermi functions:
f1ðEÞ ¼ f1þ exp½ðE EFÞ=kTg1;
f 0ðEÞ ¼ f1þ exp½ðEþ qFx EFÞ=kTg1 and s ¼ s0e2Kx
with k, T and EF being the Boltzmann’s constant, the temperature
and the Fermi energy of the metal electrode respectively. The in-
jected charge is assumed to be redistributed by the transient com-
ponent of Poole–Frenkel conduction, which is derived assuming
that a certain fraction of the trapped electrons are lost to PF emis-
sion, thus decreasing the density of injected/trapped charges
through the TAT mechanism. Since there is a distribution of trap
states, the transient component of Poole–Frenkel current density
was deﬁned [18] as:
jTPF ðtÞ ¼ qlF
Z 1
x¼0
Z qFx
E¼1
exp  q
kT
E
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
qF
peopt
s !( )
nðx;E; tÞ dE dx ð4Þ
where eopt is the high frequency dielectric constant, n the density of
trapped electrons at a depth E from the conduction band and the
rest parameters are the same as described earlier. Here it must be
pointed out that at any given time the PF process alters the trapped
distribution of electrons, which in turn alters the TAT process at
subsequent times. This obviously means that the simulation of
dielectric charging must take into account these mechanisms simul-
taneously, as proposed in [18].
The simultaneous action of TAT and Poole–Frenkel current tran-
sients on the distribution of injected and trapped charges has been
calculated for SiNx assuming band tails proportional to exp(E/E0)
with E0  0.1 eV [20]. The later was assumed to behave in a similar
manner like amorphous silicon [24,25]. A realistic value for the
band gap of the insulating ﬁlm was assumed to be 3.4 eV [26],
approximating the one of HF PECVD SiNx and the Fermi level was
placed to mid gap [27]. The calculations lead to a distribution of
charge that depends on injection time as shown in Fig. 1. Here
it must be strongly emphasized that the spatial distribution of
trapped charge depends on both the applied electric ﬁeld and
temperature.
2.2. Discharging process
The discharging process in the dielectric ﬁlm of a MEMS capac-
itive switch takes place under an intrinsic electric ﬁeld, which is
lower than the injecting one and decreases continuously with time
[17]. The dominant mechanism during this process has been found
to be variable range hopping [17,19], which is strongly affected by
temperature.
According to a traditional approach to the analysis of charge
carrier kinetics in disordered hopping systems, the carrier jump
rate m from a starting site of energy Es to a target site of energy
Et over the distance r is [28,29]:
m ¼ m0  expðuÞ ð5Þ
where u is a hopping parameter deﬁned as:
uðEs; Et ; rÞ ¼ 2cr þ
0; Et < Es þ eFrz
Et  Es  eFrz
kBT
; Et > Es þ eFrz
8<
: ð6Þ
here F is the intensity of the electric ﬁeld, T the temperature, m0 the
attempt to jump frequency, c the inverse localization radius, e the
elementary charge, kB is the Boltzmann’s constant and z = cosh with
h being the angle between the ﬁeld and the jump direction. The
hopping parameter clearly shows that the jump rate is determined
by temperature and by the presence and magnitude of electric ﬁeld
intensity, but only if the latter is strong enough in order to signiﬁ-
cantly change the energy difference between starting and target
sites. Moreover the distribution of trapping states in the band gap
plays a key issue role on the application of Eq. (6).
The temperature dependence of dc conductivity in a disordered
system has been predicted by Mott [30] and it has been found to be
consistent with the law:
r / exp  k  a
3
NðEFÞ  kB  T
 1=4" #
ð7Þ
where N(EF) is the density of states at the Fermi level, a1 the dis-
tance for exponential decay of the wave functions and k is the
dimensionless constant, which has been estimated to be approxi-
mately 16 [31].
3. Experimental procedure
The switches used in the present work (Fig. 2a) are unpackaged
bridge-type capacitive switches, fabricated with a standard photol-
ithographic process on high resistivity silicon wafers on top of
which a 3 lm SiO2 ﬁlm was deposited. The SiNx dielectric ﬁlm
was grown with PECVD method at 300 C and the thickness of
the ﬁlm is 250 nm. The membrane is an evaporated titanium-gold
Fig. 1. Distribution of normalized charge density, with respect to 1000 s, for
different charging times [20].
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seed layer electroplated to a thickness of 2.0 lm and in the unac-
tuated position it is suspended about 2.2 lm above the dielectric.
The active area of the switches is 2.5  105 t cm2.
Taking into account that the spatial and energy charge distribu-
tion of trapped charges as well as hopping conductivity depend on
temperature we performed two experiments. First the devices
were stressed at 300 K, simulating the conventional operation of
a MEMS switch, and the discharge was monitored at different tem-
peratures, in the range of 300–400 K. In the second experiment the
charging was performed at different temperatures and the dis-
charge was monitored at a selected temperature. The later was
done in order to study the effect of temperature on charging pro-
cess. In all cases the stressing time was 5 min at 30 V bias, while
the pull-in voltage of the switches at room temperature was
Vpi = 20 V. After stress the devices were assessed by obtaining the
capacitance–voltage (C–V) characteristics in the up state for 104 s
in order to monitor the shift of the bias for minimum capacitance
towards the pre-stress level.
The up-state C–V characteristics were monitored with a Boon-
ton 72B capacitance meter while sweeping the voltage in 50 mV
steps and the acquired bias was applied by a 6487 Keithley voltage
source – picoampere meter. The bias for up state capacitance min-
imum was determined by ﬁtting a parabola to the experimental
data, assuming a very small capacitance variance. Finally, all mea-
surements have been performed in a BioRad Cryostat under vac-
uum with prior 2 h annealing at 140 C, in order to avoid any
interference from humidity [32].
The bulk discharge current transient in MEMS capacitive
switches is determined using the Kelvin Probe Force (KPF) method,
proposed in [15,16]. This method adopts the device model pro-
posed in [33] of a real MEMS switch with non-uniform charge
and air gap distributions (Fig. 2b). According to KPF method, the
up-state capacitance attains its minimum at the bias (Vmin) for
which the electrostatic force is minimum and for small bridge
up-state deformation, where the capacitance variance can be con-
sidered low, the bias Vmin is given by:
Vmin ðtÞ ¼ deer  e0  lw ð8Þ
The average value of discharge current density due to charge
collection by the bottom electrode is then found [15,16] to be:
Jdisch ðtÞ ¼ 
dlwðtÞ
dt
¼  ere0
de
 dVminðtÞ
dt
ð9Þ
Here lw represents the mean value of the equivalent surface charge
distribution, de is the (uniform) thickness of the dielectric ﬁlm with
dielectric constant er and e0 is the vacuum permittivity. The trans-
ported charge density rdisch during discharge process can be calcu-
lated by integrating the discharge current density within the time
window of observation:
rdisch ¼
Z t
t0
Jdisch  dt ð10Þ
4. Results and discussion
The dielectric ﬁlm in the utilized MEMS switches is amorphous
silicon nitride, so the charge decay, arising from dipole and space
charge polarization mechanisms, is expected to obey a stretched
exponential law of the form:
Vm ðtÞ ¼ DV0  exp  ts
 b" #
þ Voffset ð11Þ
where DV0 ¼ deere0  Dlw;0; Dlw,0 is a ﬁtting parameter representing
the mean value of the transported charge distribution (at t = 0 s)
and Voffset is the potential offset during the time window of the pres-
ent experiment, arising from charges which are collected under
very long time constants (greater than the time window of observa-
tion, i.e. 104 s).
After stressing the devices at 300 K we monitored the transients
of Vmin during discharge at different temperatures.
In all cases two basic discharging mechanisms appear. One that
takes place within the time window of our experiment and gives
rise to the bulk discharge current we have calculated and another
one with very long relaxation time (longer than the time window
of observation) that give rise to an offset (Voffset) on the transients
of Vmin. In Fig. 3a the transient of Vmin due to the discharging mech-
anism that takes place within the time window of observation is
presented. In this ﬁgure DVmin refers to the discharging mechanism
described above and so DVmin = Vmin  Voffset.
Moreover, the ﬁtting of the experimental data with Eq. (11) re-
vealed (Fig. 3b) a discharging mechanism that appears within the
time window of observation with a thermally activated relaxation
time:
s ðTÞ ¼ s0  exp EAkBT
 
ð12Þ
where kB is the Boltzmann’s constant, T is the temperature,
s0 = 7.5  102 s is the inverse vibrational frequency and the activa-
tion energy is found to be EA = 0.26 eV.
The bulk discharge current that was calculated from Eq. (9) for
different discharging temperatures is presented in Fig. 4 and
its magnitude is found to increase with temperature. This is
attributed to the fact that the discharging process in MEMS
capacitive switches is dominated by variable range hopping mech-
anism [17,19]. It is then expected that when temperature increases
more charges will be transported, leading to an increase of bulk
Fig. 2. (a) Top view of the utilized switches and (b) model of a capacitive switch
with non-uniform trapped charge and air gap distributions [33] ( [2007] IEEE).
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discharge current and this process is expected to take place in a
shorter time.
The transported charge density within the time window of
observation was also calculated for each discharging temperature
using Eq. (10) and it is presented in Fig. 5. This charge density
has been found to be consistent with the law:
rdisch ðTÞ / exp  EAkBT
 
ð13Þ
where the activation energy is EA = 0.41 eV. This activation energy
practically coincides with the one obtained from TSDC method in
MIM capacitors [9], where above room temperature the TSDC cur-
rent can be described by:
ITSDC ðTÞ / s101 expðEA=kBTÞ ð14Þ
where EA is the activation energy and s01 the time constant for
assuming an inﬁnite number of relaxing Debye sub-processes
[34]. Under such circumstances the TSDC current has an envelope
that exhibits Arrhenius-like behavior, which has been attributed
to the emission of trapped charges from a continuous distribution
of trap states in the dielectric ﬁlm. So, the calculated activation en-
ergy (Fig. 5) may refer to the envelope of such a distribution of De-
bye relaxing sub-processes. It is important to mention that the TSDC
method differs from the Kelvin probe method in MEMS, used in this
work, and it is not easy to directly correlate the two assessment
methods.
Finally, the discharge process has been investigated for different
charging temperatures. This has been done because the charging is
a thermally activated process [10] and the increase of temperature
enhances charging effects. The experimental results revealed that
the increase of charging temperature assists trapping at centers
characterized by time constants even longer than the time window
of observation. This is easily observed from the increase of Voffset on
transients of Vmin (Fig. 6). These traps are expected to contribute
signiﬁcantly on the lifetime of MEMS switches. The existence of
such ‘‘ﬁxed’’ charges has been also reported in MISS devices with
an a-SiNx:H gate quality insulator deposited with PECVD method
at 260 C [35], where the shift of C–V characteristics after positive
stress revealed a thermally activated mechanism with s = 3.6 
Fig. 3. (a) Transients of DVmin = Vmin  Voffset, for the discharging mechanism that
takes place within the time window of observation, at two different discharging
temperatures and (b) Arrhenius plot of relaxation times of Vmin, obtained from the
ﬁt of experimental results with Eq. (11).
Fig. 4. Determined bulk discharge current at different discharge temperatures. The
devices were stressed at 300 K in all cases.
Fig. 5. Arrhenius plot of the calculated transported charge density, after stressing
the devices at 300 K.
Fig. 6. Transients of Vmin when the discharge process takes place at 360 K and
charging occurs at 300 K and 360 K.
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1010 s. This mechanism has been attributed not to the creation of
dangling bond defect states in a-Si:H but to trap states in the
a-SiNx:H insulator [35].
The activation energies of the discharging process obtained in
this work is in excellent agreement with our previously reported
results [9,19] as far as it concerns thermally activated charging
mechanisms in SiNx. The fact that charging and discharging
processes in MEMS switches are thermally activated means that
the parameters affecting the device lifetime are thermally acti-
vated too. This has a signiﬁcant impact on the reliability of MEMS
since it allows us to detect the contributions responsible for the de-
vice ageing from their ‘‘signature’’, which is the Arrhenius plot.
5. Conclusions
The present paper introduces an appropriate procedure for the
use of temperature in order to study dielectric charging. Taking
into account that mechanisms that dominate charging and dis-
charging processes are affected signiﬁcantly by temperature, it is
important to use a method that separates the contributions from
each process. In the proposed methodology, charging takes place
at a given temperature in order to ensure that the amount of in-
jected charge and its spatial distribution depends only on the stress
bias and time. Then the following discharge is performed at differ-
ent temperatures in order to investigate the thermally activated
mechanisms that affect the charge collection process. The deter-
mined activation energy for relaxation time and transported
charge density results from the percolative hopping conduction
in the disordered dielectric ﬁlm of the utilized switches.
Thus the application of Kelvin Probe method on SiNx ﬁlms of
MEMS capacitive switches reveals the presence of one thermally
activated mechanism that occurs within the time window of
experiment, i.e. 104 s, and a second one with a much longer relax-
ation time. The increase of discharging temperature results to an
increase of the magnitude of the bulk discharge current due to
the increase of hopping conductivity.
Finally, in order to investigate the effect of charging tempera-
ture on the dielectric charging, the devices are stressed at different
temperatures while the following discharging process takes place
at a given temperature. The experimental results clearly show that
the increase of charging temperature assists charge trapping at
states characterized by time constants much longer than the time
window of the experiment, which are expected to play a signiﬁcant
role to the device lifetime.
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